Additional index words. AFLP, SEM, ecophysiology, roundleaf buffaloberry, silver buffaloberry Abstract. Shepherdia rotundifolia Parry (roundleaf buffaloberry), a shrub endemic to the U.S. Colorado Plateau high desert, has aesthetic and drought tolerance qualities desirable for low-water urban landscapes. However, slow growth and too often fatal sensitivity to wet or disturbed soil stymies nursery production and urban landscape use. The goal of this study was to create an interspecific hybrid between the evergreen-xeric S. rotundifolia and its widely adapted, fast-growing, deciduous relative Shepherdia argentea (silver buffaloberry) distributed in western North America riparian habitats. Genetics and leaf morphology of the resulting S. argentea 3 S. rotundifolia hybrid are described and compared with the parents, as well as hybrid gas exchange as a reasonable proxy for growth rate and potential tolerance of poor soil. Hybrid genotypes were heterogenous, but contained an intermediate and equal contribution of alleles from genetically heterogenous parent populations. Leaf morphology traits were also intermediate between both parents. Aesthetic leaf qualities (silver-blue color and revolute margins) sought from S. rotundifolia were conserved in all offspring. However, gas exchange responses varied widely between the two surviving hybrids. Both hybrids showed greater tolerance of wet, fertile substrate-and promise for use in low-water landscapes-than S. rotundifolia. However, one hybrid conserved faster growth, and by inference possibly greater tolerance of wet or disturbed soil, from S. argentea, while the opposite was observed in the second hybrid. Following botanical nomenclature, we named this hybrid Shepherdia 3utahensis.
Across the arid to semiarid U.S. Intermountain West (IMW) human populations increase but water supplies do not. Combined with cyclic drought, water shortages in IMW urban areas challenge managers to conserve water in irrigated urban landscapes. Irrigated cool-season turfgrass landscapes in particular require large amounts of water (Kjelgren et al., 2000) . Low water-use landscaping (LWL) is a key tool in reducing water use in urban landscapes St. Hilaire et al., 2008) in the arid to semiarid IMW. Native IMW drought-adapted species are needed for LWL to reduce water consumption, provide a native aesthetic, and enhance urban biodiversity (Meyer et al., 2009) .
Even though native drought-adapted species can reduce water use and enhance biodiversity in LWL, establishment under environmental conditions characteristic of urban landscapes can be difficult (Mee et al., 2003) . Urban soil is often disturbed and poorly drained, traits typically at odds with native habitat soils of IMW drought-adapted species (Edmondson et al., 2011) . In the arid IMW, several drought-adapted native species have been identified for potential use in LWL, but are sensitive to wet soils and irrigation (Meyer et al., 2009) . Genetic improvement may enable domestication and use of these native species in LWL.
The genus Shepherdia (Elaeagnaceae) contains S. rotundifolia Parry, common name roundleaf buffaloberry, a shrub endemic to the IMW Colorado Plateau in southeast Utah and northern Arizona (USDA, 2012) . Shepherdia rotundifolia is dioecious (Nelson, 1935) , naturally occurring on very well drained, arid hillside slopes and canyons (Sriladda et al., 2014) . This species has desirable aesthetic and practical traits, including extreme drought tolerance and evergreen, revolute, silver-blue (glaucous) foliage forming multiple clusters of attractive rosettes in a nearly perfect hemispherical crown form (Sriladda et al., 2014) . However, anecdotally S. rotundifolia is very slow growing and sensitive to overwatering and disturbed soils. Therefore, the species is difficult to grow in either nursery or urban landscape settings. By contrast, S. argentea (Pursh) Nutt. (silver buffaloberry) is a closely related dioecious, deciduous, and fast-growing shrub found throughout much of western North America. Shepherdia argentea tolerates a wide range of conditions from dry to wet soils (Chen et al., 2009; Mee et al., 2003) , but is limited to riparian areas in the IMW (Richer et al., 2003) . However, S. argentea is thorny with an indistinct, rangy growth habit less aesthetically desirable when compared with S. rotundifolia (Mee et al., 2003) .
Interspecific hybridization plays an important role in plant adaptive evolution, and the process often results in phenotypic novelty in the hybrid, both morphologically and physiologically (Scascitelli et al., 2010; Soltis and Soltis, 2009; Stelkens et al., 2009) . There is no documented evidence of a natural hybrid between S. rotundifolia and S. argentea, possibly because contrasting habitats creating geographical barriers to pollination. A hybrid between S. rotundifolia and S. argentea may offer the potential of a new taxon suitable for LWL in the IMW: aesthetic and extreme drought tolerance qualities of S. rotundifolia but greater tolerance of wet, disturbed soils and faster growth of S. argentea. This study describes an interspecific hybrid between the two species in terms of genetics and leaf morphology comparison with its parents. We also compare with its parents hybrid leaf traits desirable for urban landscapes, and gas exchange responses as a reasonable proxy for growth potential and soil tolerances.
Materials and Methods
Hybridization. Male and female populations of both species were located near the central Utah town of Torrey. We identified female populations of S. rotundifolia and S. argentea in native habitats where they were in close proximity. We hand cross-pollinated five female S. argenetea plants in a population adjacent to the Fremont River (38.3 N, 111.4 W) . Each female parent was bagged with five pollination bags per plant including a control bag with no pollination. We bagged (11 Apr. 2008) before flowers opened to prevent unexpected pollination from male plants. Five female S. rotundifolia plants from a population located on a rocky hillside of Boulder Mountain (38.2 N, 111.4 W) were similarly bagged on the same day with female S. argentea.
On 30 Apr. 2008, when flowers of both female S. argentea and S. rotundifolia were open, fresh pollen was collected from male plants of both species from a population located closest to the bagged female plants for reciprocal crosses. Pollen from S. argentea used to pollinate the female S. rotundifolia was collected from male plants at the same location with bagged female S. argentea. Since male plants were absent at the S. rotundifolia female parent site, we collected pollen from male plants at a different S. rotundifolia population located adjacent to, but not in Capital Reef National Park (38.3 N, 111.3 W) to pollinate with the female S. argentea.
On 29 May 2008, we collected all pollination bags from the female populations of S. rotundifolia and S. argentea. However, only one pollination bag collected from a bagged female S. argentea contained seeds. No seeds were found in any pollination bag collected from female S. rotundifolia. Poor seed yield from the crosses suggest factors that limit hybridization other than distances between the different habitats. Seeds collected from female S. argentea were subjected to coldstratification and germination as described by Beddes and Kratsch (2009) . One week after planting, we observed a total of five germinated seeds. Seedlings were transplanted to a well-drained, mostly inorganic (pumice) growing substrate designed for IMW native plants (Beddes and Kratsch, 2009) . Seedlings were watered every other day. In Winter 2008, hybrid seedlings were placed in a walkin cooler (3°C) to prevent outdoor freezing damage. In addition to the interspecific hybrid seeds, seeds of S. rotundifolia and S. argentea were collected from both female parent populations, geminated, and grown under the same conditions with the hybrid for future comparisons.
In Summer 2009, hybrid and parent plants were transplanted into no. 3 (12 L) containers filled with the same native plant substrate. These plants were grown in a pot-in-pot system in a common garden setting at the Utah State University Greenville Research Farm (Logan, UT). Plants were irrigated to field capacity once per week. Three out of five hybrid plants survived until midsummer and were used for the morphological studies, but a third hybrid died on Fall 2010, so its data were not included in the 2010 physiological studies.
Genetics. Leaf samples (two to three leaves per plant) were collected from the field populations of S. rotundifolia (n = 5) and S. argentea (n = 6), and from the five germinated hybrid plants. Leaf samples were dried in 28-200 mesh silica gel (Fisher Scientific, Pittsburgh, PA). DNA was extracted with the Dneasy 96 Plant Kit (QAIGEN, Valencia, CA). Amplified fragment length polymorphisms (AFLPs) were assayed to fingerprint the genomes of the three taxa, as described by Vos et al. (1995) with described modifications. The DNA samples were pre-amplified with EcoRI +1/MseI +1 using A/C selective nucleotides. Selective amplification primers consisted of five EcoRI +3/MseI +3 primer combinations using AAC/CAA, AAG/CAG, ACC/CAT, ACG/CTA, AGG/CTA, AGA/ CCC selective nucleotides. The EcoRI selective amplification primers included a fluorescent 6-carboxy fluorescein label on 5# nucleotides.
Selective amplification products were combined with GS600 LIZ internal lane size standard and were fractionated using an ABI 3730 instrument with 50-cm capillaries and sized between 50 and 600 bp with Genescan software (Applied Biosystems, Foster City, CA). Although DNA molecules vary in length by increments of 1 bp, the relative mobility of bands is also affected by sequence composition. Thus, nonhomologous bands of the same length may not have the same relative mobility. Genescan trace files for each individual were analyzed visually for the presence or absence of DNA bands in bins that were 0.3 bp or more apart using Genographer software (available for free download at http://hordeum. oscs.montana.edu/genographer/ or directly from the author, Tom Blake, at blake@ hordeum.oscs.montana.edu).
Bayesian clustering of five individual plants per taxa without a priori assignment of individuals to hierarchical groups was used to determine genetic structure and test for possible admixture between taxa, which might otherwise confound phylogenetic analysis, using Structure v2.1 (Pritchard et al., 2000) . Three analyses were used of each model with 100,000 iterations and 10,000 burn-in or 200,000 iterations and 20,000 burn-in with the dominantallele, admixture model of Structure v2.2 (Falush et al., 2007; Pritchard et al., 2000) . A principal coordinates analysis (PCA) based on pairwise comparisons of similarity coefficients (Dice, 1945) from AFLP band matching patterns was developed using the DCENTER and EIGEN procedures of NTSYS-pc, version 2.0 (Rohlf, 1993) .
Morphology. Morphological characteristics of the hybrids compared with the parents were described on the basis of leaf traits. At the time of measurement, hybrid plants were not large enough to make any assessment of crown morphology. Leaf morphological measurements on three leaves per plant included petiole length, leaf length and width, and leaf length/leaf width ratio on the three 2-year-old plants of the hybrid and S. argentea. These same measurements were made on three S. rotundifolia plants grown from cuttings. Additionally, fine-scale morphological differences were compared through scanning electron microscopic (SEM) images. Three leaf punches per plant were collected from three plants of each species and the hybrid, and directly fixed in formalin-aceto-alcohol solution in the field. The fixed leaf tissue was subjected to critical point drying using Samdri-PVT-3D (Tousimis, Rockville, MD). Microscopic images of leaf structure were collected from the SEM at the Nanoelectronics laboratory (Utah State University, Logan, UT). Characteristics measured included average leaf thickness and leaf trichome structures. In addition, hybrid plants were qualitatively observed for deciduous vs. evergreen leaf habit over two winters, 2010-11 and 2011-12. Physiology. We collected physiological snapshots of gas exchange differences among the three taxa. Shepherdia rotundifolia is extremely slow growing compared with S. argentea and, initially, the interspecific hybrid plants. Therefore, for the purpose of morphological and physiological studies, we used plants more rapidly grown from rooted cuttings taken from the bagged female population of S. rotundifolia. In April 2008, stem bases of S. rotundifolia cuttings from plants growing in their natural habitats were rooted and held on a propagation bench for 12 weeks under shadecloth (50% shade) and irrigated using intermittent mist. Rooting was 100%, and rooted plants were then handled the same as the seed-grown taxa.
Physiological responses of the two surviving hybrid plants were compared with three individuals of each parent species under well-watered, common-garden growing conditions of Summer 2010. We measured stomatal conductance (g S ) using a leaf porometer (SC-1 Porometer; Decagon Device, Pullman, WA). Before each g S measurement day the porometer was calibrated to a manufacturer vapor plate with different-sized holes overlying filter paper wetted with distilled water. The porometer was again calibrated after measurement to track potential drift. Diurnal g S was measured on 28 June 2010 on three fully expanded mature, sunlit leaves for each individual plant every hour from 8:00 AM to 5:00 PM on a sunny day. Prior g S measurements of S. rotundifolia at the male parent location near Torrey showed that the range of variation and absolute values of g S were very similar to clonal plants measured in the common garden (data not shown). In addition to diurnal g S measurement, midday g S was measured weekly from 5 through 26 July 2010, along with midday net photosynthetic rate (P n ). g S and P n measurements were conducted using a portable photosynthesis system (LI-6400; LI-COR Corp., Lincoln, NE) also under full sun conditions. Midday Pn and g s were measured between 11:00 AM and 1:00 PM when peak solar radiation intensity of solar radiation was relatively constant, and when stomata were most active. Finally, we conducted a light response curve on one leaf each of all three taxa on 20 July 2010 using the LI-6400-02B light source attached to the cuvette. Leaf chamber environment during measurements of all plants was maintained at 400 mmol · mol -1 CO 2 concentration, 500 mmol · s -1 airflow (Monaco et al., 2005) , and 24°C block temperature (varying 1-2°C depending on ambient temperature during measurement).
Results and Discussion
Genetics. Offspring plants were definitively S. rotundifolia · S. argentea hybrids, genetically intermediate between the two parents ( Figs. 1 and 2) . Shepherdia parents were AFLP genotypes from natural populations of S. rotundifolia and S. argentea, genetically heterogeneous and distinct from each other. Moreover, plants grown from seeds collected from the pollination bag on the S. argentea female parent were also genetically heterogeneous and significantly different from both parents. Bayesian cluster analysis of AFLP genotypes of S. rotundifolia, S. argentea, and cross-bred progeny indicated that the hybrids contain an equal contribution of alleles from each parent species (Fig. 1) . Therefore, these genetic data support five plants grown from seeds collected from the pollination bag on the S. argentea female parent are interspecific hybrids between female S. argentea and male S. rotundifolia parents. Principal coordinates analysis of the AFLP genotypes clearly separated S. rotundifolia and S. argentea in the first dimension, with the five hybrids located in the middle (Fig. 2) . The second dimensions separated individuals within a population, indicating that genetic heterogeneity within the hybrid individuals resembled that of both parents. The first and second dimensions from this principal coordinate analysis explained 32.1% and 20.1% of the total AFLP variation among individual plants, respectively. Morphology. Overall, leaves of the interspecific hybrid S. rotundifolia · S. argentea appeared to have conserved desirable leaf shape characteristics of S. rotundifolia (Fig. 3) . Leaf shape of S. rotundifolia is revolute-oval with about equal leaf length and leaf width (Table 1) . By contrast, leaf shape of S. argentea is entire-lanceolate. Even though leaf length of the hybrid was more similar to S. argentea when compared with S. rotundifolia, its relatively wide leaf translates to a leaf length/width ratio more similar to S. rotundifolia. Petiole length of the hybrid was greater than that of either of the parents. As the offspring of evergreen (S. rotundifolia) and deciduous (S. argentea) species, hybrid leaf habit was ostensibly intermediate between the two parents. Initially, during the growing season, hybrid early-emergence leaves appeared to be closer in leaf habit to S. argentea, flatter and less glaucous, and were shed during the winters of 2010-11 and 2011-12. However, hybrid leaves emerging later in the season during peak midsummer heat were closer to S. rotundifolia in morphology, being more revolute, glaucous, and did not abscise during winter, creating a semievergreen winter habit.
Leaf thickness of the hybrid was also intermediate (370 mm) to the parents: S. rotundifolia (754 mm) and S. argentea (251mm) (Fig. 4A-C) . Leaf trichomes on the adaxial (upper) side of the male S. rotundifolia parent were peltate, whereas trichomes on the abaxial (lower) side were stellate (Fig. 4A) . Leaf trichomes on both surfaces of the female parent, S. argentea, were peltate (Fig. 4C) . Female parent leaf structure appeared to dominate leaf trichome structure in the hybrid, which had peltate trichomes on both leaf surfaces (Fig. 4B) . However, the abaxial trichomes of the hybrid were relatively thicker than those of S. argentea. In addition, we observed tall scales emerging from the peltate trichome coverage of the adaxial surface of the hybrid that were not observed in either parent. Emergent phenotypic features generated in interspecific hybrids, such as the tall trichomes observed here, may be rare, but have potential to create a new lineage and lead to evolutionary divergence (Johnston et al., 2004) .
Intermediate morphological characteristics of the hybrid (Table 1; Fig. 3 ) are similar to findings of Kuhlman et al. (2008) in the interspecific hybrid of Sorghum bicolor ·macrospermum and Sun et al. (2010) in the interspecific hybrid of Chrysanthemum grandiflorum ·indicum. However, interspecific hybrid morphological traits can be significantly different from one or both parents (Jakesova et al., 2011; Jun et al., 2009) Ophrys arachnitiformis and Ophrys lupercalis producing more and different compounds in their floral odor, triggering fewer inspecting flights, and contacts by male bees than those of the parental orchid species (Vereecken et al., 2010) . Similarly, leaf orientation related to petiole length as an emergent property of the hybrid may allow greater flexibility in light absorption to reduce self-shading and increase photosynthetic rate than either parent (Yamada et al., 2000) . Stellate trichomes on the abaxial surface of S. rotundifolia were densely packed, resulting in thicker leaves when compared with S. argentea and the hybrid (Fig. 4A-C) . The dense layer of abaxial trichomes would contribute to a thicker atmospheric boundary layer and greater resistance to water vapor movement and reduce transpiration, an advantage in S. rotundifolia's hot and dry native habitat (Press, 1999) . The peltate structure on all three taxa is also advantageous in reflecting solar radiation (Karabourniotis et al., 1993) , but may not limit transpiration to the same extent as the stellate trichomes. Lack of abaxial stellate trichomes in S. argentea may reflect its IMW riparian habitats (Richer et al., 2003) , where a thicker boundary layer that lowers transpiration, and possibly photosynthesis would not be an advantage. Peltate trichomes in the offspring similar to that of S. argentea, but clearly thicker, may imply a similar adaptation to wet soil conditions between the hybrid and S. argentea.
Physiology. A snapshot assessment of physiological differences in comparison with the parents indicated that gas exchange among the two surviving hybrid plants was more variable than in genetics and morphology. g S measured in the common garden study were similar in magnitude to dawn-to-dusk measurements collected in situ on five plants of each species (data not shown), suggesting the common garden measurement were representatives of species differences. In the common garden study under full sun, g s of the fast-growing S. argentea was greater than slow-growing S. rotundifolia from 08:00 AM until around 12:00-01:00 PM, when g S of both species was not different (Fig. 5 ). Hybrid gas exchange with unlimited water was not intermediate between the riparian and xeric parents. Over the day, the difference in g S between hybrids (1) and (2) was consistently greater than the variance among the individual parent plants of each species (Fig. 5) .
Differences in midday g S (measured with an infrared gas analyzer system rather than porometer) between S. argentea and S. rotundifolia were minimal when measured under full sun once a week over a 4-week period (Fig. 6A) , confirming the pattern of g S over the course of day seen in Fig. 5 . However, S. argentea displayed more aggressive carbon uptake strategies (Fig. 6B ) characteristic of species adapted to a regularly available water supply (Franks et al., 2007) . Conversely, consistently lower P n in S. rotundifolia, despite nonlimiting root-zone water, meant lower carbon uptake and water use efficiency. Gas exchange variation between the two hybrid plants was again greater than between the two parents. Over the same period, midday physiological response (P n and g S ) of hybrid (1) was greater than the other hybrid (2) and either parent (Fig. 6A-B) . Toward the end of the study period, hybrid (2) exhibited even lower P n and g S than those of either parent.
Similarly, the light response of the two parents showed the same inflection point at roughly 50% of full sun, but again S. argentea was greater than S. rotundifolia, in this case 20% (Fig. 7) . Greater photosynthetic rate of hybrid (1) was amplified in the light response curve, nearly 3-fold greater than the other three taxa. Schwinning et al. (2005) reported similar unresponsiveness to supplemental water in other desert species that are essentially dormant during summer drought. Extreme xeric species such as S. rotundifolia are specialists: programmed to not respond to optimal water conditions during summer heat and drought (Newingham et al., 2013) , apparently a trait inherited by hybrid (2). This adaptation is well suited to deserts, but not to growth expectations in nursery production and urban landscapes. Abundant root-zone water often promotes root pathogens and mortality of such species (Mee et al., 2003) . Genetic variation among the hybrid plants ( Figs. 1 and 2 ) likely underlies the variability in hybrid P n and g S . Hybrid (1) gas exchange response, substantially greater than that either parent ( Fig. 6A and B) , is echoed by the results of Rieger et al. (2003) , who found greater P n in the hybrid between Prunus ferganesis and P. persica than either parents.
Collectively, our data provide a first genetic, morphological, and physiological assessment of the landscape potential to the hybrid S. rotundifolia · S. argentea in the context of the wildland parents (Sriladda et al., 2014) . While AFLP genetics within each taxon were heterogeneous, the hybrids expressed traits clearly intermediate between genetic variability of the two parents. Genetic heterogeneity among the hybrids was not manifested in leaf morphology differences. Hybrid plants appeared to uniformly conserve aesthetically desirable leaf shape and color from the male parent, S. rotundifolia. However, gas exchange responses among the hybrid plants were considerably more variable. Greater hybrid (1) P n and g S than either parent may suggest it conserved faster growth rate and greater tolerance of wet soil from S. argentea. While hybrid crown form is not yet definitively discernable, preliminary observation in 2015 suggests rapid growth and a distinctly wide pyramidal shape up to 1.5 m high. Conversely, low photosynthesis in the surviving hybrid (2) was expressed in slow growth on par with S. rotundifolia, and a more rounded crown form 0.5 m high. We have readily propagated softwood cuttings from the two surviving hybrid offspring for future development for low-water landscaping. Further study of hybrid drought and wet soil tolerance mechanisms is particularly warranted. Encouragingly for future development, cuttings from both hybrids to date appear more tolerant of wetter and more fertile root-zone conditions than the S. rotundifolia parent.
Nomenclature. We anticipate this hybrid and its derivatives will be sold commercially in the IMW. For the convenience, we are naming it as a hybrid species:
Shepherdia ·utahensis, Sriladda-KratschKjelgren, nothosp. Nova, Shepherdia argentea (Pursh) Nutt. · S. rotundifolia Parry. Holotype UTC00270921. Further, we name two cultivars: Shepherdia 3utahensis ''Torrey'' and Shepherdia 3utahensis ''Torrey Compact'' for hybrids (1) and (2), respectively. Shepherdia ·utahensis differs at the leaf level from the female parent Shepherdia argentea by having wider, revolute leaves, and from the male parent by having narrower-longer leaves with peltate rather than stellate abaxial trichomes. 
